We demonstrate broadband supercontinuum generation over two infrared octaves, spanning from 1.3 to 5.3 μm, with an output power of 150 mW in robust step-index tellurite fibers with core diameters between 3.5 and 4.3 μm. As a pump source, we use femtosecond mid-IR pulses from a home-built post-amplified optical parametric oscillator tunable between 1.5 and 4.0 μm at a 43 MHz repetition rate. We study the influence of core size, pump wavelength, and fiber length to optimize the spectral bandwidth. A key requirement for efficient spectral broadening is a low and rather flat average anomalous dispersion over a wide spectral range that can be tailored accordingly by changing the fiber core diameter. Numerical simulations based on the generalized nonlinear Schrödinger equation are in good agreement with experimental results.
INTRODUCTION
In recent years, strong efforts have been undertaken to transfer robust high brightness supercontinuum (SC) sources from visible and near-infrared into the mid-infrared spectral range [1] . In particular, alternative materials to fused silica were utilized based on fluoride, tellurite, and chalcogenide fibers [2, 3] . A key requirement for practical applications, such as spectroscopy, is a high repetition rate in the MHz range that enables higher average output powers, shorter acquisition times due to a better signal-to-noise ratio compared to pump systems with low kHz repetition rates [4, 5] , and low numbers of pulses per pixel.
An advantage of fluoride fibers, such as fluorozirconate (ZBLAN) or fluoroindate (InF 3 ), is a low material zero dispersion wavelength (ZDW) of ∼1.6 μm, which is beneficial for anomalous dispersion pumping with commonly available laser sources [6] [7] [8] [9] . However, fluoride glass possesses a low nonlinear refractive index that is comparable to that of fused silica, whereas chalcogenide fibers [10] [11] [12] [13] [14] [15] , such as As 2 S 3 or As 2 Se 3 , exhibit approximately 2 to 3 orders of magnitude higher nonlinear refractive indices. Furthermore, chalcogenide glasses have broad transmission windows up to 15 μm [16, 17] , exceeding that of fluorides and tellurite glasses, which are limited to ∼5 μm. Nevertheless, tellurium oxide-based glasses are a good compromise for SC generation in the mid-infrared because they exhibit higher nonlinear refractive indices than fluorides (∼10 times) and superior optical damage thresholds, as well as lower ZDWs compared to chalcogenide glasses.
Several demonstrations in tellurite fibers have been based on microstructured fibers with small core sizes to further enhance the nonlinearity and to down-shift the ZDW below 2 μm, allowing for anomalous dispersion pumping with conventional laser sources [18] [19] [20] [21] [22] . However, most of the previous works report limited spectral coverage above 3 μm due to increased absorption related to water retention and a reduced damage threshold, which hinders further power scaling. The broadest bandwidth to date was obtained by Domachuk et al. [22] with an output spectrum spanning from 0.8 to 4.8 μm at a power level of 70 mW. Nonetheless, the power proportion in the mid-IR regions remains limited because of a pump wavelength near 1.5 μm. Some recent works with robust, low-loss W-index fibers have demonstrated that coverage of the important atmospheric transmission window between 3 and 5 μm with simultaneously high output powers is feasible [23, 24] .
In this work, we have enhanced the SC bandwidth in the mid-infrared (1.3-5.3 μm) with an engineered dispersion profile of our robust step-index tellurite fiber and, importantly, achieved at the same time a high output power of 150 mW. A detailed experimental and numerical parameter study on the spectral behavior is presented based on pumping with mid-IR femtosecond pulses at a MHz repetition rate.
STEP-INDEX TELLURITE FIBER PROPERTIES
Quasi-single-mode step-index tellurite fibers are fabricated with a combination of built-in casting and rod-in-tube techniques, described in detail in a previous work [25] . Development of such multi-material fibers implies the co-drawing of different glasses with matching thermo-mechanical properties as well as adequate refractive index values [26] . Thus, the following tailored glass composition percentages were selected: 80TeO 2 -5ZnO-10Na 2 O-5ZnF 2 (TZNF) for the core and 60TeO 2 -20Na 2 O-15GeO 2 -5ZnO (TNaGZ) for the cladding. To ensure minimum contamination from OH compounds, the synthesis and shaping of the glass preforms were performed under a dry atmosphere (dry glove box). In addition, the use of zinc fluoride in the core material composition enables further reduction of hydroxyl-related absorptions in the mid-IR [27, 28] . A preform was synthesized from these compositions and drawn into a large-core fiber, whose attenuation spectrum is shown in Fig. 1(a) . The glass OH content is very low (<0.5 ppm [25] ), and the water related absorption band between 3 and 4 μm is nearly completely eliminated. However, an accurate loss measurement was not possible beyond 4 μm. Small-core fibers were then prepared from the same initial preform by jacketing this preform with a second cladding tube of the same cladding composition (TNaGZ) [25] .
As reported below, the variation of the core diameter enables management of fiber dispersion properties to enhance SC generation.
The wavelength-dependent refractive index curve for both core and cladding glasses was obtained with different interpolation schemes based on two-pole Sellmeier equations to fit previous near-IR measurements reported in Ref. [25, 29] . However, it is worth mentioning that the resulting refractive index difference for our TZNF/TNaGZ glass pair in the mid-infrared has to be considered cautiously (see Ref. [29] ). Consequently, in the following numerical study, some uncertainty range is introduced in the step-index profile to better reveal the potential dispersion fiber properties. For instance, the core-cladding index difference varies between 0.103 and 0.116 at 2 μm. Based on our simple step-index profile, we then studied the corresponding modal properties of our tellurite fiber with various core diameters by numerically solving the dispersion equation (also called the eigenvalue equation) for cylindrical step-index waveguides. Figures 1(b) and 1(c) report dispersion curves and the effective mode area, respectively, as a function of wavelength for the fundamental guided mode. For a core diameter ranging from 3 to 4.5 μm, we observe that our fiber can exhibit distinct dispersive properties such as an allnormal dispersion profile or even a multi-ZDW dispersion profile [see Fig. 1(b) ]. The presence of an all-normal dispersion regime appears for core diameters ϕ below 3-3.25 μm. The first and second ZDWs can be easily shifted from 1.9 to 2.3 μm and from 2.8 to 4 μm, respectively. For the particular choice of core diameter around 3.5-3.75 μm, our tellurite fiber can exhibit a low and rather flat dispersion over a wide spectral bandwidth from 2 to 5 μm. We also notice that such small core diameters imply that the effective mode area significantly spreads into the cladding for wavelengths beyond 3-4 μm [i.e., strong dispersion of A eff λ ]. Nevertheless, the optical confinement proves rather efficient in the 2-3 μm range, close to that obtained in previous microstructured fibers [30] . Note also that our small-core fibers used here are not strictly singlemode for near-IR wavelengths when calculating the V number; however, only the fundamental mode was excited in our experiments. Depending on the core diameter, only a few higher order modes can exist for wavelengths beyond 1.5 μm due to typical high confinement losses [29] .
NUMERICAL SIMULATIONS
In the following, we numerically investigate the optimization of fiber parameters for SC generation with mid-IR femtosecond pulses, especially the SC bandwidth and extension toward the mid-infrared. The objective is to roughly determine the range of parameters suitable for optimized SC generation due to possible uncertainty in the dispersion curve and mid-IR losses of our small-core fibers. To this end, we performed numerical simulations of the nonlinear pulse propagation in our stepindex tellurite fibers with different core diameters and pumping parameters (250-fs pulses tunable from 1.8 to 2.8 μm with 6-kW peak power), similar to the laser properties used in the later experimental work. Our simulations used a generalized nonlinear Schrödinger equation that considered the full dispersion curve, both instantaneous and delayed nonlinear responses, and also the dispersion of nonlinearity [31] . The nonlinear Kerr coefficient is deduced from numerical calculation of the effective mode area and the nonlinear refractive index n 2 3.8 · 10 −19 m 2 W −1 [21] . For the Raman response function, we used an intermediate-broadening model using convolutions of the Lorentzian and Gaussian functions adapted from spontaneous Raman scattering spectra and estimated Raman gain coefficient given in Ref. [32] . The contribution of the delayed Raman response f R 0.25 was then deduced from the above analysis. Our model also includes the fiber losses in the 1-4 μm spectral range measured in Fig. 1(a) and extrapolation above 4 μm (i.e., the multi-phonon absorption edge). Figure 2 summarizes the impact of both the fiber core diameter (i.e., fiber dispersion) and the pump wavelength on the expected output SC. Here the numerical results are based on both dispersion and mode area curves shown with solid lines in Figs. 1(b) and 1(c). Additional simulations were performed with fiber properties shown with dashed lines, and they lead to the same conclusions reported below. Our study considers a core diameter ranging from 3 to 4.2 μm with steps of 25 nm and a pump wavelength ranging from 1.8 to 2.8 μm with steps of 25 nm. The fiber length was fixed at 10 cm. As the largest SC frequency bandwidth expressed in THz does not always correspond to the highest mid-infrared wavelength reached, Figs. 2(a) and 2(c) show those two SC parameters, respectively. Figure 2 (b) presents the spectral flatness criterion, which is another fundamental property of SC performance (i.e., constant power spectral density along the SC spectrum). Typically, values of spectral flatness above 0.6 correspond to narrow or less than 20 dB power fluctuations over the SC bandwidth. From Fig. 2(a) , we infer that when pumping in the normal dispersion regime (ϕ < 3.25 μm), the spectral broadening is clearly limited to a few tens of THz, and extension in the mid-IR is also inhibited [see Fig. 2(c) ]. Indeed, SC generation is mainly driven by self-phase modulation and optical wave-breaking, and it remains nearly symmetric and flat around the pump wavelength [see Fig. 2(b) ; the SC flatness is not far from the maximum value of 1]. Note that asymmetric spectra can be observed, as the wave-breaking process is sensitive to the dispersion slope.
Another clear situation of less flat SC is given when considering pumping fibers with rather large anomalous dispersion (λ p > 2500 nm and ϕ > 3.8 μm). Then spectral broadening is fully driven by soliton dynamics and Raman soliton-selffrequency shift. The presence of a ZDW also induces the formation of dispersive waves in normal dispersion, in the near-IR largely below 2000 nm. This favors the development of wide SC bandwidth, as shown in Fig. 2(a) , but SC flatness is very low because emerging solitons and phase-matched dispersive waves are initially far from the ZDW and from each other, drastically limiting frequency conversion and power spectral density in the spectral region around the ZDW (λ ∼ 1800-2300 nm).
Next, we retrieve the usual case of the optimization of SC bandwidth and flatness, which consists of pumping the fiber close to the corresponding ZDW [31] . However, note that for large core diameters (ϕ > 3.8 μm), this corresponds to pump wavelengths below 2500 nm, and the mid-IR extension of SC remains limited due to large anomalous dispersion (and even lower nonlinearity) experienced by Raman shifted-solitons in the mid-IR. Finally, the optimized parameters for SC generation (i.e., large bandwidth, sufficient flatness, and extension into the mid-IR) in our tellurite fibers are a pump wavelength between 2200 and 2600 nm, and a fiber core diameter between 3.4 and 3.7 μm. When inspecting the corresponding fiber properties in Fig. 1 , such conditions correspond to the pumping of fibers with low and rather flat dispersion (even with multiple ZDWs) over a large spectral range. Raman solitonself-frequency shift can then be enhanced, and even if a second ZDW is present, mid-IR red-shifted dispersive waves are further generated. Even with a moderate input peak power for femtosecond pulses (here 6 kW), our simulations reveal that a rather flat SC covering the 1400-5000 nm range (∼150 THz) can be obtained. Extensive SC simulations, taking into account the uncertainty of predicted fiber properties (see Fig. 1 ), indicate that SC optimization could be obtained for core diameters between 3.3 and 3.6 μm. It is worth mentioning that the fiber length studied here allowed us to observe the overall SC development without too many limitations related to the fiber losses, except beyond 5 μm, since the multi-phonon absorption edge is already reached. For longer fibers, the maximum mid-IR SC extension [see Fig. 2(c) ] is found to Research Article continuously decrease, for example, toward 4200 nm for a 1-mlong fiber segment. Similar findings were already demonstrated for SC generation in short segments of silica fibers where the mid-IR SC extension can reach 3 μm (i.e., the multi-phonon absorption edge, since the fiber loss approaches 100 dB/m at such wavelengths) [33] . Our analysis of the spectral broadening mechanisms and associated SC generation performance confirms the key role of an engineered dispersion profile even for a simple step-index tellurite fiber. This can also minimize the costly and time-consuming experimental trial and error approach reported below as a proof-of-principle demonstration.
EXPERIMENTAL SETUP
The setup implemented for experimental SC demonstrations is schematically illustrated in Fig. 3 . The pump source is based on a post-amplified fiber-feedback optical parametric oscillator (OPO), which delivers gap-free tunability between 1.5 and 2.0 μm (signal) and 2.2-4.0 μm (idler) with watt-level output power [34, 35] . A home-built 7 W, 450 fs Yb:KGW oscillator at a repetition rate of 43 MHz [36] was used to pump the OPO, as well as the subsequent optical parametric amplifier (OPA). The signal pulses from the OPO with durations of 300-500 fs at full width at half maximum and average powers of about 200 mW were utilized as seeds for the OPA. Both the OPO and the OPA employed a periodically-poled lithium tantalate crystal as a nonlinear gain medium to obtain the highest output powers in an idler wavelength range around 2.4 μm [35] . The IR pump power was controlled by varying the OPA pump power and thus the gain of the OPA unit. The signal and idler pulse durations of the OPA are measured to be in the same range as of the OPO (250-350 fs for the 1.5-3.2 μm range under study in the following) [34] . Signal and idler pulses were coupled into and collimated after the tellurite fibers via C-and E-antireflection coated aspherical lenses from Newport and Thorlabs, respectively. The total transmission efficiencies of the signal wavelengths decrease from approximately 65% to about 40% for longer wavelengths, mainly due to the increasing losses of the lenses above 1800 nm. For the idler, the total transmission peaked at a wavelength of 2600 nm with approximately 45%, sharply decreasing to about 10% above 3000 nm due to the rising material absorption in the tellurite fibers. In addition, the pump wavelength with a smaller core diameter of 3.5 μm compared to the 4.3 μm fiber core diameter leads to slightly (∼5-10%) decreased transmission efficiencies. To optimize the beam shape and ensure a good beam quality (mostly single-mode operation), an IR-camera (Pyrocam 3, Spiricon) was used. The SC output was freespace-coupled and recorded in a Fourier transform infrared spectrometer (Frontier FTIR spectrometer, Perkin Elmer, range 1.3-25 μm).
EXPERIMENTAL RESULTS
Our experiments consist of three parameter studies to investigate the impacts of the fiber core diameter, the pump wavelength, and the fiber length on SC generation, thus revealing the best conditions to obtain an efficient broadband light source in the mid-infrared spectral region.
A. Variation of Core Diameter
In Fig. 4 , three different core diameter sizes of (a) 3.5, (b) 3.8, and (c) 4.3 μm are illustrated for the same pump wavelength of 2400 nm, with fixed fiber lengths of around 9 cm and nearly constant coupled peak power of ∼6 kW. Due to increased anomalous dispersion [see Fig. 1(b) ] in combination with larger effective mode areas, the spectral bandwidth decreases with larger core diameter. The output power is only slightly affected by the core size and is ∼70 mW. This confirms that losses are similar for all fibers. For the 1.5-3 μm spectral region, the losses of such small-core fibers were also confirmed to be close to those measured in Fig. 1 [29] .
We achieved the broadest spectrum spanning from about 2 to 5 μm (−20 dB bandwidth) in the mid-infrared by using the 3.5 μm core fiber. The strong impact of a low and rather flat dispersion curve in the anomalous dispersion regime for efficient coverage of the long-wavelength range is confirmed to be crucial as previously revealed by our simulations. Here, we can note that the low dynamic range of our spectral measurements does not allow us to effectively simultaneously show the overall SC bandwidth (due to our free-space-coupling Fig. 3 . Experimental setup. A home-built Yb:KGW oscillator was used to pump a fiber-feedback OPO whose signal pulses were applied to seed an OPA. Both signal (1.5-2.0 μm) and idler (2.2-4.0 μm) of the post amplifier were used to couple into the step-index tellurite fibers via an aspherical lens. Coupling into the 3.5-4.3 μm large cores was ensured by imaging the fiber end faces onto a pyro-camera with an aspherical lens. The spectra were recorded with an FTIR spectrometer. Fig. 4 . Experimental SC spectra for distinct fibers with core diameters equal to (a) 3.5, (b) 3.8, and (c) 4.3 μm, and pumped at 2.4 μm with a constant coupled peak power of ∼6 kW. The fiber lengths remained fixed at around 9 cm. The average output power is given for each SC spectrum. condition in the FTIR), in particular, for possible weaker DWs at wavelengths below 2 μm. Since collimation of a spectral broadband beam is difficult, we recorded several spectra for slightly different positions of the collimation lens and then averaged them.
B. Variation of Pump Wavelength

Signal Wavelengths
The spectral broadening at a constant incoming power of 200 mW (i.e., measured after IR objective as the coupling efficiency varies) for different wavelengths in the range between 1500 and 1975 nm are shown in Fig. 5 . The investigated tellurite fiber was 9 cm long and had a core diameter of 3.5 μm. In this wavelength range, we pump exclusively in the normal dispersion regime. The SC spectra are typically flat with a narrow bandwidth [see Figs. 2(a) and 2(b) ]. The SC bandwidth increases for longer wavelengths due to a pumping condition closer to the first ZDW (around 2 μm) and the subsequent formation of solitons in the anomalous dispersion. The output power shrinks from 138 mW at 1500 nm to 58 mW at 1975 nm mainly due to the increased losses at the coupling lenses. The broadest spectrum at a pump wavelength of 1975 nm covers the 1.6 to 2.4 μm range. At a signal wavelength of 1700 nm, the spectral bandwidth is clearly narrower due to an increased pulse width of the OPA at this specific wavelength.
Idler Wavelengths
Similar to the case of the signal wavelengths, the impact of the idler pump wavelengths on the spectral bandwidth is characterized for constant incoming powers of 200 mW, a fixed fiber length of 9 cm, and a core diameter of 3.5 μm. The six idler wavelengths, each represented by a different color, range between 2.2 and 3.2 μm, as depicted in Fig. 6 .
The broadest SC bandwidth with long mid-IR extension is generated when pumped between 2.4 and 2.8 μm, similarly to our numerical predictions. We also notice that the long-wavelength edge is set by strong material absorption in the tellurite glass to ∼5.3 μm. This upper limit cannot be further increased for longer pump wavelengths. The SC flatness is optimized for shorter pump wavelengths between 2.2 and 2.4 μm, remaining close to the first ZDW. The short-wavelength edge shifts, but it appears difficult to evaluate the genuine position due to our limited dynamic range. The output power peaked for the 2600 nm pump with a magnitude of 89 mW due to an increased loss of the lenses for shorter wavelengths and because of rising material absorption in the tellurite fiber [see Fig. 1(a) ] for longer wavelengths. However, the 2.6 μm idler wavelength (corresponding to a signal wavelength of 1700 nm) results in a clearly narrower spectrum that can be explained by strong atmospheric absorptions degrading the pulse spectrum of the OPA.
C. Variation of Fiber Length
A set of different spectra generated in fiber lengths between 6 and 12 cm are displayed in Fig. 7 . From previous measurements, we chose the optimized pump wavelength at 2400 nm and the tellurite fiber with a 3.5-μm core diameter. Here we determine the maximum incoming power of our laser source to be equal to 400 mW. The optimum fiber length of 9 cm is experimentally demonstrated, leading to a supercontinuum with a record spectral coverage in tellurite glass fibers in the mid-infrared from 1.3 to 5.3 μm [see spectrum in Fig. 7(b) ]. The achieved output power of 150 mW is rather high due to the high repetition rate of 43 MHz, particularly when compared to kHz systems. The upper wavelength limit is given by the multi-phonon absorption edge of the tellurite glass around 5 μm, and it could not be substantially increased Fig. 5 . Experimental SC spectra for various signal pump wavelengths between 1.5 and 2.0 μm (see colored arrows) generated in the tellurite fiber with a core diameter of 3.5 μm at a constant incoming power of 200 mW. The fiber length remained fixed at 9 cm. For better visibility, the spectra were shifted apart by 25 dB. The average output power is given for each SC spectrum. by the generation of red-shifted dispersive waves compared to pumping with input powers of 200 mW. However, the measured short-wavelength edge could be shifted from approximately 2.0 to about 1.3 μm due to the formation of stronger blue-shifted dispersive waves in the normal dispersion regime. For the 6-and 12-cm-long fibers, the spectral bandwidth is significantly reduced. In particular, soliton selffrequency shift and dispersive wave dynamics are not fully developed for the 6-cm-long fiber segment, whereas mid-IR fiber loss could be the limiting factor for the 12-cm-long segment. Note that the mid-IR SC extension is experimentally found to be more sensitive to fiber length than in our simulations (a similar impact of multi-phonon absorption edge was observed in Sec. 3 with further propagation about a few tens of cm). High absorption losses in this spectral region (beyond 4 μm) can be related to the multi-phonon absorption of the tellurite glass and also to the fact that effective mode area significantly spreads into the cladding for these wavelengths, thus leading to possible confinement losses or scattering due to interface defects into the cladding (introduced during jacketing the first preform with a second cladding).
Here, the broadband SC output spanning over two infrared octaves in the 9-cm-long fiber with a core diameter of 3.5 μm is significantly boosted by the engineered dispersion curve in this spectral region. With lower absorption losses in the wavelength range between 4 and 5 μm, even flatter SC may be realized in the future. Our femtosecond pump pulses at 2.4 μm are efficiently converted into novel spectral components, leading to a high power proportion (about 45%) of the supercontinuum in the 3-5 μm atmospheric window.
CONCLUSION
An extensive numerical and experimental study of SC generation was performed in robust dispersion-engineered step-index tellurite fibers, in particular, by changing the core diameter, pump wavelength, and fiber length. The pump source was based on a recently developed post-amplified fiber-feedback OPO that delivers tunable femtosecond pulses at wavelengths from 1.5 to 4.0 μm with a 43 MHz repetition rate. The pump system was optimized for enhanced performance in the 2.1-2.5 μm range compared to a recent publication [24] . We achieved an infrared spectral bandwidth of over 4000 nm spanning from 1.3 to 5.3 μm when a 9-cm-long segment of 3.5-μm core tellurite fiber was pumped at 2400 nm. This is, to the best of our knowledge, the broadest supercontinuum in the midinfrared obtained in tellurite fibers. The enhancement in spectral broadening compared to recent publications is mainly attributed to the low and rather flat dispersion (even with multiple ZDWs) associated with an optimized pump wavelength. The long-wavelength edge of the SC is here limited by the intrinsic transmission window of the tellurite glass. The achieved output average power is 150 mW with about 45% power proportion in the important transparent 3 to 5 μm atmospheric window. Further power scalability due to the excellent mechanical properties of the step-index tellurite fiber is possible. Our results make step-index tellurite fibers suitable candidates for the next generation of nonlinear photonic devices in the important spectral region from 2 to 5 μm, in particular, to take advantage of the recent development of ultrashort pulse lasers sources beyond 2 μm. 
